The silk gland of the silkworm Bombyx mori undergoes programmed cell death (PCD) during pupal metamorphosis. On the basis of their morphological changes and the occurrence of a DNA ladder, the tissue cells were categorized into three groups: intact, committed, and dying. To identify the proteins involved in this process, we conducted a comparative proteomic analysis. Protein expression changes among the three different cell types were examined by two-dimensional gel electrophoresis. Among ∼1000 reproducibly detected protein spots on each gel, 43 were down-regulated and 34 were up-regulated in PCD process. Mass spectrometry identified 17 differentially expressed proteins, including some well-studied proteins as well as some novel PCD related proteins, such as caspases, proteasome subunit, elongation factor, heat shock protein, and hypothetical proteins. Our results suggest that these proteins may participate in the silk gland PCD process of B. mori and, thus, provide new insights for this mechanism.
Introduction
Programmed cell death (PCD) plays a critical role during development. It is essential for the maintenance of homeostasis in all higher organisms by eliminating unneeded tissues, controlling cell number, and removing abnormal cells. 1 It is distinguished from necrosis by a group of morphological and biochemical markers. For example, apoptotic cells exhibit cellular condensation and DNA fragmentation, which are followed by disintegration into apoptotic bodies that are phagocytosed and ultimately eliminated by neighbor cells. This pathway is a conserved gene-directed mechanism that was first defined through genetic analysis in the nematode Caenorhabditis elegans. 2 Further studies have shown that this pathway is highly conserved from Drosophila melanogaster to Homo sapiens. 1, 3 Three different types have been defined through their morphological characteristics. The first type, widely known as apoptosis, is characterized by isolated dying cells that exhibit condensation of the nucleus and cytoplasm, followed by fragmentation and phagocytosis by cells that degrade their contents. 4 The second type, known as autophagy, has been observed when groups of associated cells or entire tissues are destroyed. These dying cells contain autophagic vacuoles in their cytoplasms that function in the degeneration of cell components. The third type, known as nonlysosomal cell death, is characterized by swelling of cavities with membrane borders followed by degeneration without lysosomal activity.
During insect holometabolism, PCD removes intersegmental muscles, motoneurons, prothoracic glands, salivary glands, and silk glands. [5] [6] [7] [8] [9] Several conserved apoptotic genes, including activators, executors, and inhibitors, have been cloned from the silkworm Bombyx mori. [10] [11] [12] [13] Some studies on PCD in silkworms have focused on silk gland tissue, which is homologous with the Drosophila salivary gland, 14 and the results suggest that this type of cell death is triggered by ecdysteroid hormone. 15 The silk gland is important given it generates and stores silk proteins during cocoon construction; however, it degenerates soon after silkworm pupation. 16 Morphological studies indicate that this degeneration is in fact an autophagic PCD, 17 which has been implicated in the inhibition of tumorigenesis. [18] [19] [20] Studies on steroid-triggered PCD in Drosophila larval salivary glands revealed that some of the conserved apoptotic genes are involved in this process; 8, 21, 22 however, the molecular mechanism remains mainly unknown. Considering that the silk gland is a highly specialized organ that contains polyploid cells and a huge amount of silk proteins compared with normal cells, 23, 24 it is conceivable that the silk gland PCD pathway may require several other unique proteins. This speculation is confirmed by a recent in vitro study using subtraction hybridization that identified multiple genes involved in 20-hydroxyecdysone (20-E)-triggered silk gland PCD. 12 To characterize proteome change associated with silk gland cell death in vivo, two-dimensional gel electrophoresis (2-DE) was utilized to identify differentially expressed proteins during PCD of the silk gland, and mass spectrometry (MS) was combined to identify the differentially expressed protein spots. Recently, this approach has been successfully used to profile the proteins expressed in different parts of the silk gland during fibroin synthesis, 25 and the proteome change of the hemolymph during the growth and development of the fifth instar larvae. 26 In the present study, we analyzed temporal changes in protein expression in the silk gland during PCD. Seventy-seven differentially accumulated protein spots were revealed by 2-DE, and 17 proteins were identified by mass spectrometry, including several apoptosis-related proteins, such as caspases, proteasome subunit, some upstream genes of ecdyson signal pathway, elongation factor, and heat shock protein, indicating that these proteins may play some roles in the PCD process of B. mori. We also found some novel proteins differentially expressed during the PCD process, which were identified as hypothetical proteins. The results in this study may provide new insights into silk gland PCD.
Materials and Methods

Insects and Sample Preparation.
The silkworm strain, Dazao, was reared with fresh mulberry leaves at 25°C. The silk glands were removed hourly after pupation on ice, washed with 0.9% NaCl at 4°C, then immediately frozen in liquid nitrogen and stored at -80°C.
2.2. DNA Extraction and Agarose Gel Analysis. Frozen tissues were ground into powder in liquid nitrogen and then transferred to Eppendorf tubes (Hamburg, Germany) containing lysis buffer (10 mM Tris-HCl (pH 8.0), 100 mM EDTA, 0.5% SDS, and 0.1 mg/mL proteinase K). After an overnight incubation at 37°C, the samples were extracted by 1:1 (v/v) phenolchloroform. The DNA was precipitated with 2.5 vol ethanol and 0.1 vol 5 M NaCl overnight at -20°C. The DNA pellet was dissolved in TE buffer containing 0.1 mg/mL RNase A. After the concentration was measured, the DNA samples were loaded onto 1.5% agarose gel for electrophoresis, followed by ethidium bromide staining. This experiment was repeated three times for each time point. Genomic DNA fragmentation assay. The genomic DNA was extracted from the silk glands, which were collected once every hour after silkworm pupation. The DNA ladder was detected after about 12 h by 1.5% agarose gel electrophoresis. 
Protein Extraction and 2-DE Analysis.
For each sample group, 20 pairs of frozen silk gland tissues were ground in liquid nitrogen and suspended in lysis buffer (8 M urea, 65 mM DTT, 4% CHAPS, and 40 mM Tris) containing PMSF, NaVO3, and NaF. The samples were sonicated several times for 10 s, followed by centrifugation for 45 min at 12 000g. Protein concentrations were determined using the Bio-Rad (Hercules, CA) protein assay reagent. For 2-DE, 100 and 500 µg of proteins were loaded onto analytical and preparative gels, respectively. The Ettan IPGphor Isoelectric Focusing System (Amersham, Piscataway, NJ) and pH 3-10 immobilized pH gradient (IPG) strips (13 cm, nonlinear; Amersham) were used for isoelectric focusing (IEF). The IPG strips were rehydrated for 12 h in 250 µL of rehydration buffer containing the protein samples. IEF was performed in three steps: 500 V for 1 h, 1000 V for 1 h, and 8000 V for 5 h.
The gel strips were equilibrated for 15 min in equilibration buffer (50 mM Tris-HCl (pH 8.8), 6 M urea, 2% SDS, 30% glycerol, and 1% DTT). This step was repeated using the same buffer with 4% iodoacetamide in place of 1% DTT. The strips were then subjected to the second-dimensional electrophoresis after transfer onto 12.5% SDS-polyacrylamide gels. Electrophoresis was performed using the Hofer SE 600 system (Amersham) at 30 mA per gel for 40 min, followed by 60 mA until the bromophenol blue reached the end of the gel. At least three replicates were performed for each sample.
2.4. Gel Staining and Image Analysis. Protein spots in the analytical gels were visualized by silver staining. The preparative gels were stained by a modified colloidal Coomassie Blue G-250. The resulting 2-D gels were scanned using a Bio-Rad GS710 scanner, and image analysis was accomplished using Image Master Software (Amersham).
2.5. In-Gel Tryptic Digestion. Protein spots were excised from the preparative gels and destained with 100 mM NH4-HCO3 and 30% acetonitrile (ACN). After removing the destain buffer, the gel pieces were lyophilized and rehydrated in 30 µL of 50 mM NH4HCO3 containing 50 ng of trypsin (sequencing grade; Promega, Madison, WI). After digestion overnight at 37°C, the peptides were extracted three times with 0.1% trifluoroacetic acid (TFA) in 60% ACN. Extracts were pooled together and lyophilized. The resulting lyophilized tryptic peptides were dissolved in 5 mg/mL R-cyano-4-hydroxycinnamic acid (CHCA) containing 0.1% TFA and 50% ACN. A protein-free gel piece was treated the same as above and used as a control to identify autoproteolytic products derived from trypsin.
MALDI-TOF/TOF MS Analysis and Database Searching.
Mass spectra were acquired on a MALDI-TOF/TOF tandem mass spectrometer, the Bruker-Daltonics AutoFlex TOF-TOF LIFT. The instrument was operated in the delayed extraction and positive-ion linear mode with the following parameters: 20 kV acceleration voltage, 95% grid voltage, 100 ns delay time, and 500 m/z low-mass gate. For acquisition of a mass spectrometric peptide map, a 1-µL aliquot from the peptide extracts was premixed with 1 µL of matrix (10 mg/mL CHCA in 35% ACN and 0.1% TFA) and spotted onto a MALDI target plate. Measurements were externally calibrated with a standard peptide mixture of angiotensin II ([M + H] + 1046.54) and angiotensin I ([M + H] + 1296.68), and internally recalibrated with peptide fragments arising from autoproteolysis of trypsin. Both MS and MS/MS data were acquired with a N 2 laser at a 25-Hz sampling rate. The signal-to-noise criterion was set to 25 or greater. The monoisotopic masses were processed for identification. For MS/MS spectra, the peaks were calibrated by default and smoothed. All peaks were deisotoped.
MS/MS was performed using the MASCOT program. The data were sent to the National Center for Biotechnology nonredundant (NCBInr) protein database (updated on February 16, 2006) , which contained 2 464 940 sequences. The search was performed taking Other Metazoa as taxonomy, which contained 154 412 sequences. The other search parameters were enzyme of specificity strict trypsin; one missed cleavage; fixed modifications of Carbamidomethyl (C); oxidation (Met); peptide tolerance of 100 ppm; Fragment Mass Tolerance of (0.5 Da; peptide charge of 1+; and monoisotopic. Only significant hits, defined by MASCOT probability analysis (p < 0.05), were accepted.
Peptide mass fingerprinting (PMF) was performed using the search engine of MS-Fit in the ProteinProspector v 4.0.6 2.7. RT-PCR Analysis. Total RNA was extracted from silk glands using Trizol reagent (Invitrogen, Carlsbad, CA), and genomic DNA was removed by adding DNase I (RNase Free, Takara). A total of 1 µg of RNA was used for cDNA synthesis using ReverTra Ace (Toyobo, Osaka, Japan). The gene-specific primers used in the RT-PCR analysis are listed in Table 3 . The actin gene was used as an internal control.
Results
Silk Gland Programmed Cell Death.
The fifth instar silkworm larva stops spinning about 3 days after gut purge and starts pupation 24 h later. The degradation of the silk gland seems to be particularly accelerated after pupation. 15, 17 Similarly, the Dazao strain silkworm, reared with fresh mulberry leaves at 25°C, was observed to make a cocoon 24-36 h after gut purge and stop spinning to enter the prepupal stage. This stage lasted about 20-30 h until ecdysis occurred. The genomic DNA was extracted from the silk glands, which were collected once every hour after silkworm pupation, and analyzed by agarose gel electrophoresis. A DNA ladder was detected about 12 h after pupation (Figure 1 ), a hallmark of the degradation phase, indicating the occurrence of PCD. Thus, the silk glands were collected at 12-13 h after pupation as dying cells for 2-DE analysis, marked as sample C; while the glands collected at 8-9 h as committed cells, marked as sample B. The intact cells were collected at the beginning of pupation, marked as sample A.
2-DE Analysis of Silk Gland Proteins during PCD.
To investigate temporal changes of the silk gland protein profile during PCD, we carried out 2-DE analysis of the proteins from the three sample groups as described above. Each sample was subjected to triplicate runs, and the results were highly reproducible. Representative gels are shown in Figure 2 . Across all the samples, about 1000 protein spots were repeatedly detected on silver-stained gels using Image Master Software. Quantitative image analysis revealed , totally, 77 protein spots exhibiting significant (p < 0.05) changes in intensity ( Figure  2 ). The enlargements of four typical regions with differentially expressed proteins were shown in Figure 3 . In total, we found 34 protein spots that were up-regulated during silk gland PCD, whereas 43 were down-regulated. Moreover, stage-specific protein spots were also detected: seven for the intact cells, six for the committed cells, and two for the dying cells. Interestingly, we also found that those differentially expressed proteins could be distributed into four patterns (Figure 4 ): pattern I, 8 proteins differentially expressed among all the sample groups investigated; pattern II, 54 proteins expressed differentially between sample A and B as well as sample A and C, but no difference between sample B and C; pattern III, 8 proteins differentially expressed in A-B and B-C but not A-C; pattern IV, 7 proteins expressed at the same level only between sample A and B. Most of these proteins, 54 in pattern II, showed differential expression between sample A and sample B, but remained the same level between sample B and C. Only few of them, 7 in pattern IV, differentially expressed between sample B and C, but were the same between sample A and B. Which means most of the differentially expressed proteins might be regulated during 0-8 h after pupation.
Identification of the Differentially Expressed Proteins by MS.
To identify the proteins with differential expression patterns during silk gland PCD, we combined 2-DE and MALDI-TOF MS to identify the differentially expressed proteins. Twenty-two differentially expressed protein spots were randomly excised from the preparative gels. Twelve of them were up-regulated, and 10 were down-regulated. After they were digested in-gel by trypsin, the proteins were identified by MALDI-TOF MS. As summarized in Tables 1 and 2, 17 protein spots were successfully identified by PMF or MS-MS analysis, and the MS spectrum of spot 35 was shown in Figure 5 as a representative and typical spectrum for the peptide mapping of this spot. Sixteen monoisotopic peptide masses were submitted into the MS-Fit program for the PMF analysis of this spot. Furthermore, this spot was identified by MS-MS analysis. Both of them identified spot 35 as an elongation factor.
Gene Transcription Profile Analysis by RT-PCR.
To confirm the MS result, we use RT-PCR to examine the gene transcription. Nine different genes from B. mori, listed in Tables  1 and 2 , were selected for the analysis. The gene-specific primers were listed in Table 3 , and actin was chosen as an internal control. As shown in Figure 6 , five genes showed consistent mRNA and protein expression patterns (10, 15, 25, 35, and 40) , whereas the rest showed inconsistent expression patterns, which could be explained by translational or posttranslational regulation during silk gland PCD.
Discussion
The silk gland of the silkworm is a specified larval tissue. It shrinks when spinning of the cocoon is completed, and dies shortly after pupation. This process includes PCD of the gland, tissue degeneration, and ultimately elimination. 15, 16 In this study, we first used agarose gel electrophoresis of genomic cDNA to determine the appropriate time when the silk gland cells initiated apopotosis and then selected three time points for analysis corresponding to before, during, and after the initiation of apoptosis. Since the emergence of DNA ladder can be detected as early as 12 h after pupation, it suggested that PCD of the silk gland was accelerated in this period. Some apoptosis-related proteins were up-regulated at this stage, such 27 suggesting that some components of the apoptosis pathway are involved in this type of cell death. The proteins from silk glands of group A, B, and C, which represent the intact, committed, and dying cells during PCD, respectively, were separated by 2-DE. Interestingly, we observed that most of the differentially expressed proteins appeared between samples A and B; in contrast, few of them were detected between samples B and C (Figure 4) , indicating that the PCD of silk gland was initiated at early stage, with which most of the associated proteins were regulated at that time. MS analysis of those 22 differentially expressed protein spots followed by a database search revealed that 17 proteins might play some roles in the PCD process. Eleven spots were identified by PMF analysis, while some of them were identified as silkworm homologous protein sequences. This is possibly due to the limitation of protein database of silkworm, for there are no more than 2000 sequences of silkworm available in the database when we performed fingerprint mapping using MS-fit. To estimate false-positive identification, we compared the theoretical pI and molecular weight with the observed position of the excised protein spot on the gels, and the unreliable identifications were discarded. Six protein spots were identified by MS-MS; two of them (spots 25 and 40) were matched expressed sequence tag (EST) sequences. In total, we obtained six identified silkworm protein sequences by MS-MS analysis, and 11 protein sequences by PMF (Tables 1  and 2 ).
Among the newly identified proteins listed in Table 4 , the largest group was proteins associated with proteolysis, including caspases (spots 3, 16, and 19), and one proteasome subunit (spot 24). The caspases belong to a conserved protein family that is the executioners of apoptosis. 28, 29 Our results showed that some caspases were up-regulated during silk gland PCD, suggesting that part of the apoptosis pathway may be involved in this process. To initiate apoptosis, the caspases should be activated by proteolysis, 30 and some researches also found the expression of certain caspases was up-regulated during this process, 31, 32 which suggests that the increased expression of pro-caspase may be correlated with the activation. Our RT-PCR results showed that the amount of spot 19 mRNA, identified as caspase-1, was invariable among the three sample groups ( Figure 6 ). We found the mRNA of spot 19 remained the same level between samples A and B; at the same time, the spot 19 protein was accumulated in sample B. When the cells turned from committed (sample B) to dying (sample C), the mRNA transcription of spot 19 still remained as high as before, but the amount of protein spot 19 did not increase in sample C. This observation suggests that the increased part of protein spot 19 may have turned from pro-caspase to active caspase. The spot 24, identified as beta-subunit of the proteasome, was observed to be suppressed during silk gland PCD in our study. This is consistent with previous studies, in which the authors suggest that the major function of the proteasome is the degradation of short-lived proteins, including signaling molecules, cell cycle regulators, transcription factors, and inhibitory molecules. 33 Inefficient degradation of these proteins will eventually lead to cell death.
Our findings indicate there are some identified differentially expressed proteins involved in signal transduction pathways. For example, spot 7 is a potential part of the TNF-R signaling pathway, may shift the equilibrium toward induction of cell death. In mammals and Drosophila, TNF-R signaling can lead to apoptosis or immune response 34 Spot 27, identified as Wnt-1, is a key protein in Wnt pathway. The Wnt family proteins participate in multiple developmental events during embryogenesis and adult tissue homeostasis, and perturbations in Wnt signaling promote both human degenerative diseases and cancer. 35 Ecdysteroid UDP-glucosyltransferase (EGT) (spot 25), BRC-Z2 (spot 15), and E75B (spot 10) are involved in the ecdysone pathway. Our results suggest that those pathways may have functions during silk gland PCD.
There were some differentially expressed protein spots identified as hypothetical protein (spots 21 and 40). The results of BLAST in Swiss-Prot and NCBInr databases showed that there is no protein similar to those two proteins. However, further studies with bio-informatics showed two DM9 conserved domains in spot 40 protein.
A number of studies have demonstrated that the cells from the salivary gland of Drosophila or the silk gland of B. mori die in response to changes in the circulating levels of ecdysteroid hormones. 8, 15, [36] [37] [38] 20 -Hydroxyecdysone (20E) regulates the E75A, BHR3, and BR-C genes in the anterior silk gland of silkworms but not the E75B and FTZ-F1 genes, whereas the later two genes are regulated by 20E during salivary gland cell death in Drosophila. 12, 39 Using 2-DE, we found that a protein (spots 25) homologous with EGT was suppressed, while BRC-Z2 (spot 15) and E75B (spot 10) were up-regulated during PCD in the silk gland. The BR-C encodes a family of zinc finger transcription factors, 40 and E75B encodes the nuclear receptor. 41 In Drosophila, the BR-C is required for both rpr and hid Table 3 ; the actin gene was selected as a reference gene. (A) Samples from intact silk glands; (B) samples from silk glands 8-9 h after pupation (the committed tissues); (C) samples collected 12-13 h after pupation (the dying tissues).
transcription, while E75B is sufficient to repress diap2. 42 Research on EGT suggests that this protein renders ecdysteroid hormones inactive by conjugating sugars from UDP-sugars to ecdysone. 43 Our findings indicate that during PCD the silk gland represses the expression of spot 25, EGT homologous proteins, a kind of ecdysteroid hormones suppressor. Then the ecdyson signals are amplified by the early genes, BR-C and E75B, to trigger silk glands into programmed cell death.
